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Abstract. Energy balance based glacier melt models require
accurate estimates of incoming longwave radiation but di-
rect measurements are often not available. Multi-year near-
surface meteorological data from Storglaci¨ aren, Northern
Sweden, were used to evaluate commonly used longwave
radiation parameterizations in a glacier environment under
clear-sky and all-sky conditions. Parameterizations depend-
ing solely on air temperature performed worse than those
which include water vapor pressure. All models tended to
overestimate incoming longwave radiation during periods of
low longwave radiation, while incoming longwave was un-
derestimated when radiation was high. Under all-sky con-
ditions root mean square error (RMSE) and mean bias error
(MBE) were 17 to 20Wm−2 and −5 to 1Wm−2, respec-
tively. Two attempts were made to circumvent the need of
cloud cover data. First cloud fraction was parameterized as
a function of the ratio, τ, of measured incoming shortwave
radiation and calculated top of atmosphere radiation. Sec-
ond, τ was related directly to the cloud factor (i.e. the in-
crease in sky emissivity due to clouds). Despite large scatter
between τ and both cloud fraction and the cloud factor, re-
sulting calculations of hourly incoming longwave radiation
for both approaches were only slightly more variable with
RMSE roughly 3Wm−2 larger compared to using cloud ob-
servations as input. This is promising for longwave radiation
modeling in areas where shortwave radiation data are avail-
able but cloud observations are not.
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1 Introduction
Energy balance studies on glaciers have shown that, on aver-
age, net radiation is usually the largest contributor to surface
ice and snow melt (see summary in Hock, 2005). Exam-
ination of the individual radiative components reveals that
incoming longwave radiation (also referred to as downward
or downwelling longwave radiation) is by far the largest
source of energy for melt, followed by absorbed shortwave
(or global) radiation (Ohmura, 2001), which accounts for
roughlyaquarterofthetotalenergysourceformelt. Sensible
heat ﬂux normally provides the third largest energy source.
The relative importance of incoming longwave radiation as a
source of surface energy input, compared to shortwave radi-
ation or turbulent heat ﬂuxes, may vary as climate changes
(Philipona et al., 2004), but it will remain a large contributor,
especially in the higher latitudes, due to the seasonal depen-
dence of shortwave radiation. Hence, its accurate modeling
is of paramount importance in energy balance glacier melt
modeling and assessing the response of glacier melt to cli-
mate warming.
Longwave radiative ﬂuxes have generally received less at-
tention than shortwave ﬂuxes, partially due to difﬁculties and
costs associated with accurate longwave radiation measure-
ments, but also due to a void of measurable atmospheric pa-
rameters which longwave radiation is dependent upon, such
as cloud cover (Aase and Idso, 1978; M¨ uller, 1985; Marty
and Philipona, 2000). Unlike shortwave radiation, incom-
ing longwave radiation is not readily measured at automated
weather stations, often being derived through combination of
global and net radiation measurements or parameterizations,
althoughthenumberofweatherstationsonglaciersequipped
with longwave radiation instrumentation has increased dur-
ing recent years (e.g. van den Broeke et al., 2004; Sicart et
al., 2005, 2008; van de Wal et al., 2005; Hoch et al., 2007;
M¨ olg et al., 2009).
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The atmospheric ﬂux of longwave radiation is emitted
predominantly by clouds, water vapor, carbon dioxide and
ozone. The ﬂux varies mostly with the cloud amount and
cloud optical depth, mean cloud emitting temperature, as
well as integrated water vapor content (Marty et al., 2002). In
mountainous areas longwave irradiance from the surround-
ing terrain may locally enhance irradiance and thus generate
spatial variability in melt (Pl¨ uss and Ohmura, 1997; Sicart et
al., 2006). Ideally, incident longwave radiative ﬂux is mod-
eled with physical models describing all emission and ab-
sorption processes in the atmosphere. However, such mod-
els are not applicable when vertical proﬁle data of tempera-
ture and moisture are lacking. Hence, empirical relationships
have been developed parameterizing incoming longwave ra-
diation as a function of near-surface (e.g. 2-m screen-level)
temperature and/or vapor pressure for clear-sky conditions,
and in addition as a function of cloud fraction in the case of
all-sky conditions. Use of standard meteorological measure-
ments at near-surface level has proven sufﬁcient since most
incoming longwave radiation reaching the Earth’s surface is
emitted from the lowest layers of the troposphere (Ohmura,
2001). Only few studies have compared different parame-
terizations on the same data set (e.g. Sugitia and Brutsaert,
1993; Pirazzini et al., 2000; Gabathuler et al., 2001; Iziomon
et al., 2003), and most studies have focused on lowland sta-
tion data. Also, much attention has been devoted to clear-sky
longwave radiation, although cloudy conditions often prevail
in mountainous, glacier environments.
The purpose of this study is to evaluate various commonly
used parameterizations of incoming longwave radiation in a
glacier environment. The parameterizations vary in form,
physical basis and number of independent variables, which
include near-surface air temperature, water vapor pressure
and cloud fraction. Further, we attempt to calculate incoming
longwave radiation without observations of cloud fraction by
two methods. First we develop a parameterization for cloud
fraction since existing models often include it as indepen-
dent variable, although such observations tend to be scarce
in a glacier environment. Cloud fraction is parameterized
as a function of the ratio of observed incoming shortwave
radiation and computed top of atmosphere shortwave radia-
tion, and this parameterization is incorporated into the calcu-
lations of longwave incoming radiation. Second we bypass
the need for cloud data by parameterizing the cloud factor,
i.e. the increase in sky emissivity due to clouds, as a function
of the same ratio. Our analysis is based on a detailed mi-
crometeorologicaldatasetcollectedonStorglaci¨ aren, asmall
glacier in Northern Sweden, spanning four melt seasons.
2 Site description and data
Storglaci¨ aren is located in Northern Sweden (67◦550 N,
18◦350 E) comprising an area of ∼3km2. Elevation ranges
between 1120–1730ma.s.l. Mean summer temperature
(June–August, 1965–2003) at Tarfala Research Station lo-
cated ∼1km from the glacier is −3.7◦C (Radic and Hock,
2006). An automatic weather station was operated in the up-
per region of the ablation zone at approximately 1370ma.s.l.
during the 1998–2000 and 2002 melt seasons. A detailed de-
scription of measurements and instrumentation is found in
Hock et al. (1999); important to this study are the observa-
tions of incoming longwave and shortwave radiation, near-
surface air temperature and humidity and cloud fraction.
An Eppley Precision Infrared Radiometer was used to
measure incoming longwave radiation. The instrument un-
derwent “Swiss modiﬁcation” at the World Radiation Center
in Davos, Switzerland, which incorporates three dome ther-
mistors separated by 120◦ and an elevation of 45◦, rather
than using a single thermistor as in the original instrument.
Details are given in Philipona et al. (1995) who claim that
the accuracy of the modiﬁed instrument is 2Wm−2 com-
pared to approximately 10Wm−2 for the unmodiﬁed ver-
sion. Shortwave radiation was measured by a Kipp & Zo-
nen CM11 with a reported maximum uncertainty of 2% for
hourly values; temperature and humidity were measured us-
ing a Vaisala HMP45D. This instrument reports tempera-
ture accuracy of ± 0.3◦C at 0◦C; humidity accuracy is re-
ported as ± 3% (0<RH<90%) and ±4% (90<RH<100%)
at 0◦C. Temperature and humidity measurements were main-
tained at 2m heights, while radiation measurements varied
in height between 1–1.5m above the glacier surface. All in-
struments mentioned above were artiﬁcially ventilated to re-
duce measurement errors. Measurements were logged once
per minute from which hourly means were computed. The
weather station was visited at least twice a week for most of
the melt seasons. Manual sky observations were recorded by
trained observers in the vicinity of the automatic weather sta-
tion. Hourly cloud observations were performed, consisting
of cloud fraction and cloud-base height categorized by three
levels (high, middle, low).
3 Methods
3.1 Incoming longwave radiation
Incoming longwave radiation, L↓, (Wm−2) is generally ex-
pressed in terms of the Stefan-Boltzmann Law
L↓ = εeffσT 4 = εcsFσT 4 (1)
where εeff=εcsF is referred to as the effective or appar-
ent emissivity (Unsworth and Monteith, 1975) and gener-
ally varies between roughly 0.7 for clear skies to close to
unity for completely overcast skies; εcs is the clear-sky at-
mospheric emissivity, F (always ≥1) is a cloud factor ex-
pressing the increase in L↓ due to cloud emission com-
paredtoclear-skyconditions, σ istheStefan-Boltzmanncon-
stant (5.67×10−8 Wm−2 K−4) and T is absolute tempera-
ture (K) at the reference height (here 2m). Parameterizations
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of εcs and εeff have been developed both theoretically and
empirically (e.g. ˚ Angstr¨ om, 1916; Brunt, 1932; Swinbank,
1963; Marshunova, 1966; Idso and Jackson, 1969; Maykut
and Church, 1973; Brutsaert, 1975; Satterlund, 1979; Ya-
manouchi and Kawaguchi, 1984; Konzelmann et al., 1994;
K¨ onig-Langlo and Augstein, 1994), a number of which will
comprise the suite of parameterizations that are tested on
Storglaci¨ aren data in this paper.
3.2 Emissivity parameterizations
Seven parameterizations of clear-sky emissivity are analyzed
(Table 1). The number and type of independent variables
range from zero to two, allowing a model intercomparison
dependent upon the number and type of independent vari-
able(s) used. Parameterization coefﬁcients (a,b) are ﬁtted
to the Storglaci¨ aren data making a proper inter-model analy-
sis possible. Clear-sky analysis is performed when observed
cloud fraction n≤1/8, resulting in 318h cases.
Three parameterizations for all-sky conditions are exam-
ined and listed in Table 2. The εeff parameterizations from
Bolz (1949) and K¨ onig-Langlo and Augstein (1994) are prin-
cipally different from Konzelmann et al. (1994). The former
two parameterizations keep the clear-sky component regard-
less of cloud fraction while the latter reduces it as a cloud
fraction increases. Coefﬁcients are ﬁtted to the data using all
observed cloud fractions (n=0−1, N=2332), except for the
coefﬁcient a in the Konzelmann et al. (1994) parameteriza-
tion; this coefﬁcient corresponds to the overcast emissivity,
εoc, and was ﬁt to all hourly data with n=1 (N=1198). Fit-
ted Konzelmann et al. (1994) parameterization coefﬁcients
lie within the range reported in the literature (Konzelmann et
al., 1994; Greuell et al., 1997; Klok and Oerlemans, 2002).
The three εeff parameterizations and seven εcs parameteriza-
tions are combined for L↓ calculations according to Eq. (1).
3.3 Parameterizing emissivity without cloud data
Observations of cloud cover, though vital to L↓ calculations,
are often unavailable in high-latitude glacier environments.
Weexplorethepossibilityofcircumventingtheneedofcloud
observations by including an atmospheric transmissivity in-
dex, τ, deﬁned as the ratio of incoming shortwave radiation,
S↓, to theoretically calculated top of atmosphere shortwave
radiation, S↓toa, dependent upon latitude, time of day and
season
τ =
S ↓
S ↓toa
. (2)
High values are indicative of clear-sky conditions while low
values suggest overcast conditions. Some limitations to us-
ing Eq. (2) to simulate atmospheric transmissivity are dis-
cussed in Sect. 4.3. Since τ becomes less reliable as radiation
amounts decrease, cases when solar zenith angle exceeded
80◦ or S↓ <15Wm−2 are excluded; also any cases when
the measurement site was topographically shaded as deter-
mined from a digital elevation model and solar geometry are
excluded.
First, we derive a parameterization for hourly and daily
mean cloud fraction as a function of τ and substitute it for
observed cloud fraction in the εeff parameterizations given
in Table 2. Sicart et al. (2006) apply a similar atmospheric
transmissivity parameterization for data from a high-latitude
mountainous region.
Second, the relationship between F (Eq. 1) and τ is exam-
ined to explore the possibility to use τ directly without the
intermediate step of computing a parameterized cloud frac-
tion. We derive a parameterization for F(τ) for hourly and
daily L↓ calculations, thereby eliminating the need for cloud
fraction data as independent variable.
L↓ calculations based on εeff parameterizations are com-
pared with observations, and also compared to calculations
using observed and parameterized cloud fraction. We use the
root-meansquareerror(RMSE),anindicationofthevariabil-
ity of a calculation about the observed value, and the mean
bias error (MBE), a measure of the mean error for all calcu-
lations, to aid in identiﬁcation of parameterization caveats.
4 Results and Discussion
4.1 Clear-sky L↓ calculations
Clear-sky emissivities (εcs=L↓/σT 4) obtained from all
hourly data of L↓ and T from Storglaci¨ aren when cloud
cover fraction n≤1/8 (N=205) tend to scatter around 0.7,
generally consistent with clear-sky emissivities in prior stud-
ies (e.g. Konzelmann et al., 1994; Marty and Philipona,
2000). Statistics for clear-sky L↓ calculations using the
seven εcs parameterizations are found in Table 1, indi-
cating that all parameterizations show comparable perfor-
mance. Correlation coefﬁcients, r, and RMSE range from
0.84 to 0.88, and 10 to 12Wm−2, respectively. Parame-
terizations that incorporate both e and T, tend to have the
smallest RMSE and MBE, except for the formulation by
Marshunova (1966) which performs similarly well although
it only includes vapor pressure as independent variable. The
inclusion of atmospheric moisture leads to an improved pa-
rameterization performance, suggesting that vapor pressure
has a larger relevance than temperature for parameterizing
clear-sky L↓. This reinforces the notion of water vapor be-
ingthemosteffectivegreenhousegas. Ascatterplotofcalcu-
lated versus observed clear-sky longwave radiation is shown
inFig.1usingtheKonzelmannetal.(1994)parameterization
as an example.
4.2 All-sky L↓ calculations
Table 2 gives the correlation statistics for the three tested all-
sky emissivity parameterizations each adopting seven differ-
ent clear-sky emissivity parameterizations. All combinations
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Table 1. Clear-sky emissivity, εcs, parameterizations (T is temperature [K], e is vapor pressure [Pa], both at screen-level) used in this study
and coefﬁcients (a, b) ﬁtted to the Storglaci¨ aren data set. Statistics result from comparing observations to calculations of clear-sky incoming
longwave radiation applying the below parameterizations to Eq. (1). r is correlation coefﬁcient, RMSE is root-mean square error (Wm−2)
and MBE is mean bias error (Wm−2).
Clear-sky parameterization (εcs) Coefﬁcients r RMSE MBE
(Wm−2) (Wm−2)
Maykut and Church (1973)
εcs=a, where a=constant a=0.7248 0.85 10.9 0.1
Marshunova (1966) a=0.5893
0.88 9.6 0.1 εcs=a+be
1/2
a b=5.351×10−3
Swinbank (1963) a=9.294×10−6
0.85 11.9 0.2 εcs=aT b b=2
Idso and Jackson (1969) a=0.2811
0.84 10.8 0.0 εcs=1−a(exp[b(273−T)2]) b= − 3.523×10−4
Brutsaert (1973) a=0.6684
0.88 9.5 0.3 εcs=a(e/T)1/b b=10
Satterlund (1979)
εcs=a(1−exp[−eT/2016]) a=0.7396 0.86 10.1 0.0
Konzelmann et al. (1994) a=0.4393
0.88 9.5 −0.2 εcs=0.23+a(e/T)1/b b=7
Table 2. Calculation statistics of hourly L↓ for all-sky conditions computed from Eq. (1) using three effective emissivity, εeff, parameter-
izations and seven different clear-sky emissivity, εcs, parameterizations (left, with ﬁtted coefﬁcients). Fitted coefﬁcients for εeff parame-
terizations (a, p) are found below the parameterizations. Statistics are the same as in Table 1; Var gives the independent variables (T is
temperature [K], e is vapor pressure [Pa]). Correlation coefﬁcients, r, are listed once for each εcs parameterization as they did not change by
more than 0.01 for the three εeff parameterizations.
Bolz (1949) K¨ onig-Langlo and Augstein (1994) Konzelmann et al. (1994)
εeff=εcs(1+anp) εeff=εcs+anp εeff=εcs(1−np)+anp
a=0.2959 a=0.2176 a=0.9552
p=1.5 p=1.5 p=1.6
Clear-sky parameterization (εcs) Var r RMSE MBE RMSE MBE RMSE MBE
(Wm−2) (Wm−2) (Wm−2) (Wm−2) (Wm−2) (Wm−2)
Maykut and Church (1973)
εcs=0.7248 – 0.87 18.1 −3.1 18.0 −2.3 17.8 −0.2
Marshunova (1966)
εcs=0.5893+5.351×10−3e
1/2
a e 0.88 17.2 0.5 17.0 0.5 17.4 0.5
Swinbank (1963)
εcs=9.294×10−6T 2 T 0.85 20.0 −4.7 19.2 −3.6 17.8 0.2
Idso and Jackson (1969)
εcs=1−0.2811(exp[−3.523×10−4(273−T)2]) T 0.87 18.4 −3.8 18.1 −2.9 17.7 0.2
Brutsaert (1973)
εcs=0.6684(e/T)1/10 T,e 0.89 17.1 1.0 17.0 0.9 17.4 0.6
Satterlund (1979)
εcs=0.7396(1−exp[−eT/2016]) T,e 0.88 17.5 −2.2 17.5 −1.7 17.6 0.2
Konzelmann et al. (1994)
εcs=0.23+0.4393(e/T)1/7 T,e 0.89 17.0 0.3 16.9 0.3 17.4 0.4
resultedinasimilarrangeofL↓calculationstatistics. RMSE
varied between 17 and 20Wm−2, approximately 5.5 to 6.5%
of mean measured L↓, and MBE remained between −5 and
1Wm−2. All εeff parameterizations performed best when
the Konzelmann et al. (1994) εcs parameterization was im-
plemented. Besides calculations using the Konzelmann et
al. (1994) εeff parameterization, including near-surface va-
por pressure as independent variable in εcs parameterizations
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Fig. 1. Calculated versus measured hourly mean clear-sky L↓, ap-
plying the clear-sky emissivity parameterization by Konzelmann et
al. (1994). See Table 1 for parameterization details. N is number of
cases, r is correlation coefﬁcient.
results in a slight positive bias (0 to 1Wm−2) whereas those
parameterizations only including temperature reveal a larger
negative bias of −2 to −5Wm−2.
To further examine model performance, model error is re-
lated to measured longwave radiation (exempliﬁed in Fig. 2a
for one parameterization). Model error tends to be small-
est during times of relatively small (clear-sky) and relatively
large (overcast) observed radiation. Largest errors are found
during partial cloudiness. Model error during partial cloudi-
ness cannot entirely be attributed to shortcomings in the
model. Manual sky observations are biased by the observer,
and different cloud fractions can be a result of different cloud
types (i.e. broken low-level stratiform clouds may give the
same fraction as upper-level cirrus). Also, cloud optical
depth and cloud phase (liquid, ice or mixed-phase) have sig-
niﬁcant inﬂuence over the efﬁciency of L↓ emission (Curry
et al., 1996; Garrett et al., 2002; Iacobellis et al., 2003; Inoue
et al., 2006; Tjernstr¨ om et al., 2008). Additionally, atmo-
spheric optical depth is not constant, largely dependent upon
water vapor and other atmospheric gases, aerosols, the sur-
face albedo and perhaps even sub-visible clouds.
Figure 2b shows the bin-averaged error as a function of
observed L↓ for all seven εcs parameterizations applied to
εeff from K¨ onig-Langlo and Augstein (1994). Systematic de-
viations are evident for all parameterizations. The general
trend for all models is an overestimate of L↓ when measured
values are small and underestimated L↓ when L↓ is large.
The models converge and trend towards an underestimation
of L↓ between 260 and 300Wm−2. Inter-model spread in-
creases for smaller and larger values, although these should
be examined cautiously as the number of observations per
bin in those ranges is low (Fig. 2b). For observed values
largerthan∼310Wm−2, themodelsdeviateintotwogroups,
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Fig. 2. Model error (modelled minus observed values) versus mea-
sured L↓. (a) Hourly values applying the effective emissivity pa-
rameterization from K¨ onig-Langlo and Augstein (1994) and the
clear-sky parameterization from Konzelmann et al. (1994). (b)
Mean hourly error averaged over ascending bins of 10Wm−2 cal-
culated by applying seven clear-sky parameterizations from the lit-
erature to the effective emissivity parameterization from K¨ onig-
Langlo and Augstein (1994). Dashed line (corresponding to y-axis
on right) is the number of observations per bin.
one which has a bias of roughly −5Wm−2 (for L↓ between
∼310 and 350Wm−2) and a second with a larger negative
bias of roughly −10 to −15Wm−2. The three models with
smaller negative bias all contain vapor pressure in the εcs pa-
rameterizations while (except for one parameterization) the
ones with larger biases do not, suggesting that a measure of
atmospheric moisture increases in importance as cloud frac-
tion, and hence L↓ ﬂux, increases.
To assess the potential for coefﬁcient universality, we
adopt coefﬁcients of the Konzelmann et al. (1994) parame-
terizations for εcs and εeff ﬁtted to other glacier sites, and
compareresultstothoseobtainedbyﬁttingcoefﬁcientstoour
data set. We apply the coefﬁcients obtained by Konzelmann
et al. (1994) for a site in Greenland, those found by Klok
and Oerlemans (2002) for Morteratschgletscher, Switzer-
land, and two sets of coefﬁcients derived for two different
sites on Pasterze, Austria (Greuell et al., 1997), and com-
pute hourly all-sky L↓ for the Storglaci¨ aren data set. RMSE,
MBE and r range from 19 to 20Wm−2, −2 to 7Wm−2
and 0.85 to 0.87, respectively. Although correlation statis-
tics are broadly within similar ranges as those obtained from
parameter ﬁtting to the Storglaci¨ aren data set, results indicate
that the relationship between measured and calculated L↓ is
strengthened using ﬁtted coefﬁcients.
www.the-cryosphere.net/3/75/2009/ The Cryosphere, 3, 75–84, 200980 J. Sedlar and R. Hock: Testing longwave radiation parameterizations at Storglaci¨ aren
0 0.2 0.4 0.6 0.8 1
0/8
1/8
2/8
3/8
4/8
5/8
6/8
7/8
8/8
τ
c
l
o
u
d
 
f
r
a
c
t
i
o
n
(a)
N=1698
0.2 0.4 0.6 0.8 1
τ
(b)
N=51
Fig. 3. Cloud fraction as a function of the ratio, τ, of measured
incoming shortwave radiation and top of atmosphere shortwave ra-
diation for (a) hourly and (b) daily mean data. The lines are ﬁtted
non-linear parameterizations for cloud fraction (nparam) as a func-
tion of τ; the parameterization equation is found in Table 3. N is
the number of observations.
4.3 Parameterizing cloud fraction
The relationship between hourly cloud fraction and τ (Eq. 2)
is shown in Fig. 3a. In general, τ increases as cloud frac-
tion decreases, although the spread in τ for a speciﬁc cloud
fraction is large. Much of this scatter is attributed to the difﬁ-
culty in manual cloud observations, variation in cloud optical
depth, cloud phase, surface albedo variation, aerosol scatter-
ing and absorption of incoming shortwave radiation S↓ and
variation of atmospheric optical depth. Variance of observed
L↓ for different cloud levels (high/mid/low, not shown) was
found to be relatively small and of the same order of magni-
tude for the different levels, suggesting the vertical location
of cloud base is not the primary source of scatter and uncer-
tainty in using τ.
A nonlinear cloud fraction parameterization of the form
nparam(τ) = max
n
aτb + 1; 0
o
(3)
is developed and ﬁt to observations in Fig. 3a, where nparam
is parameterized cloud fraction and a and b are coefﬁcients
that are ﬁt to the data using a nonlinear, least squares ﬁt.
Equation (3) is substituted for observed cloud fraction n in
the εeff parameterizations; we choose the εeff parameteriza-
tion by K¨ onig-Langlo and Augstein (1994) as example. Co-
efﬁcients to Eq. (3) and hourly calculation statistics using
Eq. (3) are given in Table 3. Correlation coefﬁcients are re-
duced, RMSEhasincreasedby∼3–4Wm−2 butMBEisstill
within the same range found when observed cloud fraction is
used (Table 2). RMSE ranges roughly between 7–8% of the
mean observed L↓, the increase resulting from an inability
of Eq. (3) to represent the observed variability in cloud frac-
tion (Fig. 3). Calculation error as a function of measured L↓
for hourly values is shown in Fig. 4a. Systematic L↓ error
is similar to that observed earlier when actual cloud fraction
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Fig. 4. (a) Hourly (N=1698) and (b) daily (N=292) error (modeled
minus observed values) in L↓ as a function of measured L↓ ap-
plying parameterized cloud fraction in the effective emissivity pa-
rameterization by K¨ onig-Langlo and Augstein (1994). Clear-sky
emissivity is parameterized according to Konzelmann et al. (1994).
was used (Fig. 2a), although the absolute magnitude of errors
during partial cloudiness tends to be larger.
This approach is also applied to daily mean data from
Storglaci¨ aren because surface mass balance models often use
daily means as input (e.g. Hock et al., 2007). Since cloud
observations were not available throughout the night, daily
mean cloud fraction was determined only for days (N=51)
where the observations indicated little to no change in cloud
fraction over a 24-h period; the relationship between daily
cloud fraction and τ, including the ﬁtted parameterization
(Eq. 3) is shown in Fig. 3b. Coefﬁcients and daily calculation
statistics are presented in Table 3 showing larger correlation
coefﬁcients, reduced RMSE and MBE around zero. RMSE
tends to be lowest for the parameterizations that do not have
a measure of vapor pressure in the εcs parameterization. The
daily error plot (Fig. 4b) is scattered but the error tends to be
centered around zero.
The use of τ to represent cloud fraction poses some com-
plications, especially in glacier environments. Atmospheric
transmissivity depends on variables other than cloud frac-
tion, such as cloud and atmospheric optical depth and sur-
face albedo. Fitzpatrick et al. (2004) emphasize the non-
linear relationship between surface albedo and cloud optical
depth. When surface albedo is large, the incoming shortwave
radiation ﬂux is enhanced by multiple reﬂections between
the surface and the cloud base. Hence, the relationship be-
tween τ and cloud fraction may vary in time as snow cover
changes. Microphysical properties of clouds, along with the
aerosol distribution, are known to alter cloud effectiveness
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Table 3. Calculation statistics of hourly and daily mean L↓ using the K¨ onig-Langlo and Augstein (1994) effective emissivity, εeff, pa-
rameterization, substituting parameterized cloud fraction nparam for actual cloud fraction n, and seven different clear-sky emissivity, εcs,
parameterizations. T is temperature [K], e is vapor pressure [Pa].
Hourly Mean Data Daily Mean Data
K¨ onig-Langlo and Augstein K¨ onig-Langlo and Augstein
(1994) (1994)
εeff=εcs+anb
param εeff=εcs+anb
param
a=0.2176 a=0.2176
b=1.5 b=1.5
nparam=−1.873τ3.249+1 nparam=−6.388τ5.178+1
Clear-sky parameterization (εcs) r RMSE MBE r RMSE MBE
(Wm−2) (Wm−2) (Wm−2) (Wm−2)
Maykut and Church (1973)
εcs=0.7248 0.79 22.0 −1.0 0.91 13.8 0.0
Marshunova (1966)
εcs=0.5893+5.351×10−3e
1/2
a 0.80 21.8 1.7 0.91 14.7 2.0
Swinbank (1963)
εcs=9.294×10−6T 2 0.75 24.1 −2.1 0.89 16.2 −2.6
Idso and Jackson (1969)
εcs=1−0.2811(exp[−3.523×10−4(273−T)2]) 0.78 22.4 −1.6 0.90 14.1 −0.7
Brutsaert (1973)
εcs=0.6684(e/T)1/10 0.81 21.7 2.1 0.92 14.7 2.4
Satterlund (1979)
εcs=0.7396(1−exp[−eT/2016]) 0.79 21.8 −0.4 0.91 13.9 0.3
Konzelmann et al. (1994)
εcs=0.23+0.4393(e/T)1/7 0.81 21.6 1.5 0.92 14.6 1.8
in absorbing and emitting radiation, introducing additional
uncertainties in using an atmospheric transmissivity index
(Curry et al., 1996; Garrett et al., 2002; Iacobellis et al.,
2003; Inoue et al., 2006; Tjernstr¨ om et al., 2008). Another
complication arises due to the geographical location of many
glaciers. Often surrounded by terrain, during certain hours
of the day this causes shading on the S↓ sensor, which if not
corrected for, will lead to falsely parameterized cloud frac-
tion. Because we are using S↓ observations, calculations
using τ are limited to daylight hours, but this is often also
the case when using manual cloud observations. Also, only
melt season data has been analyzed. Higher latitudes in the
Northern Hemisphere winter will be inﬂuenced by larger so-
lar zenith angles, which may add bias to the relationship be-
tween cloud fraction and atmospheric transmissivity. This
requires further investigation to assess the applicability of the
cloud cover parameterization in other regions. Nevertheless,
our results indicate that our simple cloud fraction parame-
terization performs surprisingly well considering its simple
form and the large scatter between τ and cloud fraction.
4.4 Cloud factor
Rather than including a secondary cloud fraction parameter-
ization within the εeff parameterizations as performed above,
we attempt to parameterize cloud factor F as a function of
atmospheric transmissivity τ, directly. Figure 5 shows the
relationship between F=L↓/(εcsσT 4) and τ for hourly and
daily observations. Scatter between F and τ is considerable,
but in general F increases as τ decreases. The ﬁtted parame-
terization equations are provided in the ﬁgure. Error plots
(Fig. 6a–b) using the cloud factor parameterization (com-
bined with εcs parameterization from Konzelmann et al.,
1994) are found to be similar to the models using observed
cloud fraction (Fig. 2a) and the cloud fraction parameteriza-
tion above (Fig. 4a–b). Hourly calculations result in r=0.81,
RMSE=21.8Wm−2 and MBE=2.0Wm−2. Daily calcula-
tions show a strengthening in correlation between calculated
and measured values with r=0.92, RMSE=14.6Wm−2and
MBE=1.8Wm−2. These statistics are nearly identical to
those obtained when cloud fraction was parameterized using
the same atmospheric transmissivity index.
5 Conclusions
With coefﬁcients ﬁtted to the Storglaci¨ aren data set, all tested
longwave radiation parameterizations differ only slightly in
their performance when compared to hourly observations.
RMSE for seven tested εcs parameterizations range from
10 to 12Wm−2 under clear-sky conditions and from 17
to 20Wm−2 under all-sky conditions using three εeff pa-
rameterizations, each combined with the seven εcs param-
eterizations. Clear-sky cases are modelled most accurately,
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Fig. 5. Cloud factor (F=L↓/[εcsσT 4]) as a function of τ (Eq. 3)
for (a) hourly observations and (b) daily observations. The line
represent the non-linear parameterization for F(τ) of the form pro-
vided near the top of each panel. Clear-sky emissivity is parameter-
ized according to Konzelmann et al. (1994).
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Fig. 6. Same as in Fig. 4, except L↓ is calculated using Eq. (1) and
applying cloud factor F parameterized as a function of τ for (a)
hourly (N=1698) and (b) daily mean (N=292) data.
followed by overcast and ﬁnally partially cloudy skies, in
agreement with Pirazzini et al. (2000). Clear-sky parame-
terizations that include near-surface vapor pressure tend to
out-performthoseconsistingofonlytemperature, conﬁrming
that near-surface vapor pressure is an important variable due
its impact as a greenhouse gas; near-surface temperature as
independent variable should be applied in conjunction with
vapor pressure. Systematic bias is evident across all models,
where a tendency for overestimated L↓ becomes an underes-
timate as measured L↓ goes from small to large magnitudes.
Shortwave radiation is used to model cloud fraction by
developing a nonlinear relationship between observed cloud
fraction and an atmospheric transmissivity index, τ, deﬁned
as the ratio of observed and calculated top-of-atmosphere
shortwave radiation. When implemented into the εeff param-
eterization by K¨ onig-Langlo and Augstein (1994) combined
with seven different εcs parameterizations, RMSE varies be-
tween 22 and 24Wm−2 for hourly mean data, and 14 and
16Wm−2 fordailymeandata, andthusisonlyslightlylarger
than for the calculations using observed cloud fraction; the
range in MBE is comparable. Hence the cloud fraction pa-
rameterization performs surprisingly well despite its simple
form and the large scatter between τ and cloud fraction. The
drop in model performance compared to input of direct cloud
observations is of similar magnitude to that when using the
εeff parameterization by Konzelmann et al. (1994) but adopt-
ing coefﬁcients found at other glacier sites instead of those
ﬁtted to our data set.
To circumvent the intermediate step of computing a pa-
rameterized cloud fraction, which then is implemented into
a εeff parameterization, we parameterize the cloud factor F
directly as a function of atmospheric transmissivity. Correla-
tion statistics are nearly identical to calculations made using
the cloud fraction parameterization. Modelled longwave ra-
diation ﬂuxes show the same systematic error found when
observed cloud fraction is applied to the all-sky L↓ param-
eterizations tested here. Further development of cloud fac-
tor parameterizations dependent on shortwave radiation are
promising but require further testing at other sites. Specif-
ically, analyses of the dependence of τ on cloud and atmo-
spheric optical depth, cloud microphysics and geometry, and
surface albedo in mountainous glacier environments are re-
quired. Nevertheless, our results suggest that a simple non-
linear model including shortwave radiation can, sufﬁciently
well, quantify the effects of cloud cover on L↓ to be used in
longwave radiation calculations.
Both approaches to circumvent the need of cloud frac-
tion observations yield similar results when tested against the
Storglaci¨ aren data set and perform only slightly worse when
compared to use of cloud observations. This is promising
for their use in locations where shortwave radiation measure-
ments exist but cloud observations do not.
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